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ABSTRACT: We report the first catalytic, enantioselective
reductive bis-functionalization of common amides, which
provides a facile access to a variety of 2,2-disubstituted 3-
iminoindolines in good yields and with excellent enantiose-
lectivities. The reaction conditions are quite mild and can be
run on a gram scale. In this one-pot reaction, three C−C
bonds, one ring, and one nitrogen-containing tetrasubstituted
carbon stereocenter are created in a catalytic enantioselective
manner.
The development of efficient and practical methods forasymmetric synthesis of enantiomerically pure hetero-
cycles from readily available starting materials is a paramount
challenge in contemporary synthetic chemistry and pharma-
ceutical research.1 Amides are a class of common and easily
available compounds,2 and they serve as versatile synthetic
intermediates in organic synthesis.3 Moreover, in recent years,
the amide group has become a valuable directing group for
transition-metal-catalyzed C−H bond activation.4 However,
the direct reductive alkylation of amides to amines and N-
heterocycles, which is a highly desirable transformation in the
synthesis of both alkaloids and medicinal agents, remains
underexplored because of the high stability of amides.
In recent years, a few chemoselective and direct trans-
formations of amides with C−C bond formation have been
developed and applied to the total synthesis of alkaloids.5
Nevertheless, the enantioselective reductive alkylation of
amides to yield chiral amines remains a formidable challenge,
although enantioselective synthesis has been developed as a
very powerful strategy to perform the synthesis of enantiomeri-
cally pure compounds in the field of modern chemistry and
pharmaceuticals. Moreover, although the reductive bis-
alkylation of tertiary amides was achieved by our group in
20106a and has found applications in organic synthesis,6b,c the
analogous transformation of secondary amides remains
unconquered (Figure 1a). Reductive monoalkylation7 and
reductive diallylation8 of secondary lactams have been
reported. The difficulty in introducing two different C-
nucleophiles is ascribed to the poor electrophilicity of the
ketimine intermediate formed from the addition of the first
nucleophile, which prevents the addition of a second carbon
nucleophile.
Functionalized α-tertiary alkylamine (ATA) is a common
structural motif that is found in a variety of bioactive
compounds and natural products.9 Therefore, a reliable and
versatile enantioselective reductive bis-functionalization of
secondary amides to afford ATAs is in high demand. In
connection with our recent interest in developing efficient
methodology for the direct transformation of ami-
des,5g,6a,c,7a,d−f,i−k we report herein the first one-pot,
enantioselective reductive bis-functionalization of secondary
amides through the sequential addition of isocyanide and
ketone (Figure 1b).
We hypothesized that the addition of isocyanide (R3NC) 2
to the reactive intermediate derived from secondary N-
arylamide 1 and trifluoromethanesulfonyl anhydride (Tf2O)
would lead to the formation of 3-iminoindole 3,10 which is the
core structure of several natural products, such as cytotoxic
iheyamine A.11 Next, an organocatalytic enantioselective
Mannich-type addition of a ketone to 3 would generate a
chiral 2,2-disubstituted 3-iminoindoline 4 (Figure 1b), which is
also an important structural motif in many bioactive natural
products.12
We first focused on the synthesis of 3-iminoindole 3. N-
Phenylbenzamide (1a) and 2-isocyano-1,3-dimethylbenzene
(2a) were selected as substrates for reaction optimization.7d,k
In the event, secondary amide 1a was treated sequentially with
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2-fluoropyridine (1.2 equiv) and Tf2O (1.1 equiv)
13 at −78 °C
and isocyanide 2a (2.0 equiv) at 0 °C. Unexpectedly,
compound 5 (CCDC 1872460) was obtained as the major
product in 41−45% yield along with the desired adduct 3a in
0−15% yield (Scheme 1). The formation of 5 implied that N-
phenylbenzamide 1a reacted with two molecules of isocyanide
2a (for a plausible mechanism, Scheme SI-1).
We surmised that the introduction of an electron-donating
group onto the N-phenyl group would facilitate the cyclization
of the nit r i l ium intermediate .7d , k Hence, N -(4-
methoxyphenyl)benzamide (1b) was selected for further
investigation. The amount of isocyanide 2a was decreased to
1.1 equiv, and 2a was introduced into the reaction mixture
through slow addition to reduce its local concentration and
thus hinder its competitive trapping of nitrilium intermediate
(cf. Scheme SI-1). After screening of reaction parameters (for
more details, see Table SI-1), the optimal conditions were
identified as treatment of a solution of amide 1 and 2-
fluoropyridine in CH2Cl2 with Tf2O (−78 °C, 45 min) and
then adding isocyanide 2 (1.1 equiv) by using an injection
pump dropwise over 30 min and stirring at −78 °C for an
additional 1 h. Under these conditions, the desired 3-
iminoindole 3b was isolated in 92% yield on a milligram
scale or 85% on a gram scale (Table 1). The structure of 3b
(CCDC 1872461) was confirmed as the E-isomer by single-
crystal X-ray diffraction analysis.
With the optimal conditions in hand, we proceeded to
explore the substrate scope with a variety of N-arylamides. The
reaction is compatible with electron-donating (Table 1, 3c,d)
and electron-withdrawing groups (3e−i) at the benzoyl moiety
of the amide. Amides bearing more reactive substituents, such
as nitro, cyano, ester, and aldehyde groups, reacted chemo-
selectively at the amide group, albeit with moderate yields.
Thiophene-2-carboxamide reacted smoothly to produce the 3-
iminoindole 3j in 72% yield. The reaction also proceeded
successfully with aliphatic amides (3k−m). Amides with a
higher electron density N-aryl group, such as N-phenyl with
alkoxyl group and N-naphth-2-yl, provided the corresponding
products 3n−o and 3p, respectively, in good yields. It was
worth noting that, under the current reaction conditions, N-
phenylbenzamide (1a) also reacted smoothly to give 3a in 64%
yield along with compound 5 in 12% yield. Other aryl
isocyanides including those with an unsubstituted phenyl
group and those with aryl groups bearing electron-donating or
electron-withdrawing moieties ran smoothly (3q−t). However,
low yields were obtained from p-fluorophenyl and cyclohexyl
Figure 1. One-pot reductive bis-alkylation/functionalization of
common amides.
Scheme 1. Attempted Synthesis of 3a
Table 1. Scope of the Reaction with Respect to sec-Amides
and Isocyanides
aAr = 2,6-dimethylphenyl. bIsolated yield. cWith amide 1b (5.0
mmol) as starting material, 1.44 g of 3b was obtained.
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isocyanides (3u and 3v). To further reveal the scope of this
approach, a secondary amide obtained through transition-
metal-catalyzed C−H activation4a was transformed into the
corresponding 3-iminoindole 3w in reasonable yield consider-
ing the steric hindrance of the substrate.
After establishing a method to easily access 2-substituted 3-
iminoindoles 3, we turned our attention to the enantioselective
addition to 3. In addition to the poor reactivity of ketimines
toward carbon nucleophiles noted above, the addition reaction
of 3 may also suffer from regioselectivity issues because of the
presence of two imine groups. There are only a few examples
reported on the addition of nucleophiles to 3-iminoindoles,
such as organolithium reagents,10,14 indole,15 diethyl malonate,
and ethyl acetoacetate anions.16 The yields of these reactions
are generally moderate, and no enantioselective version has
been reported.
To our delight, after screening of catalysts and solvents (for
more details, see Table SI-2), L-proline-catalyzed addition17 of
Table 2. Scope of the Enantioselective Addition of Ketones to 3-Iminoindoles 3 or sec-Amides 1
aMethod A, reaction conditions: 3-iminoindole 3 (0.3 mmol, 1.0 equiv), ketone (1.5 equiv), L-proline (20 mol %), DMSO (0.2 M), rt. bMethod B,
reaction conditions: amide 1 (0.5 mmol, 1.0 equiv), Tf2O (1.1 equiv), 2-fluoropyridine (1.2 equiv), R
3NC 2 (1.1 equiv), CH2Cl2 (0.05 M), −78
°C, 1 h. then ketone (3.0 equiv), L-proline (20 mol %), DMSO (0.2 M), rt, monitored by TLC. cAr = 2,6-dimethylphenyl. dThe ee was determined
by chiral HPLC analysis. eWith amide 1b (5.0 mmol) as starting material, 1.28 g of 4b was obtained via method B. f91% based on the recovered
starting material. gdr = 20:1. hMajor product. idr = 1.6:1. jMinor product.
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acetone to 3-iminoindole 3b at room temperature in DMSO
(0.2 M) without additional additives afforded chiral 2,2-
disubstituted 3-iminoindoline 4b as the sole regioisomer in
99% yield with 98% ee (Table 2).
Under the optimized conditions, the reactions of 3-
iminoindoles 3a, 3c, 3e, 3j, 3k, and 3q with acetone all
proceeded smoothly to give the corresponding products 4a
and 4c−g in high yields and enantioselectivities. The absolute
configuration of 4c (CCDC 1872459) was determined as R on
the basis of X-ray crystallographic analysis, which indicated the
nucleophilic addition from the re face of imine. Note that for
all of the reactions the addition occurred regioselectively at the
C2 position.
We then examined the scope of the reaction with respect to
the ketone nucleophiles using 3-iminoindole 3a as the
electrophile (4h−t). Various alkyl methyl ketones were viable
nucleophiles and reacted at the methyl group to give the
corresponding products (4h−q) in high yields (79−99%) with
outstanding enantioselectivity (≥98% ee). Common functional
groups such as dimethyl acetal (4m), alkene (4n), ester (4o),
amide (4p), and ether (4q) were tolerated. Acetophenone
reacted to give the desired product 4r in moderate yield (50%,
91% based on the recovered starting material; 99% ee). This
reaction was also applicable to cycloketones in good yields, but
low enantioselectivities were observed (4s, 4t).
Finally, the more challenging one-pot enantioselective
sequential addition of isocyanides and ketones to secondary
amides was addressed. We conceived a protocol consisting of
combining the two procedures for the formation of 3 and 4,
respectively, and switching the solvent to DMSO for the
second step. After a quick optimization of reaction conditions
(for more details, see Table SI-3), the desired chiral 3-
iminoindoline 4b was obtained in 70% yield and 99% ee
(Table 2). To the best of our knowledge, this is the first
catalytic enantioselective addition reaction utilizing achiral
amide as the substrate. The scope of this one-pot reaction was
then examined by varying the three coupling partners.
Pleasingly, the reactions of phenyl, thiophenyl, and aliphatic
N-arylamides bearing different electron-donating groups on the
aniline ring proceeded smoothly to give the desired products
4c, 4d, 4u, and 4v, respectively, in moderate to good yields
with high enantioselectivity (91−99% ee). Moreover, aryl
isocyanides with electron-donating and electron-withdrawing
groups were compatible with the one-pot addition/Mannich-
type reaction conditions and produced the products 4w and 4x
in 68−71% yields with 94% and 97% ee. In particular, the
reaction of acetone with the 3-iminoindole generated from
amide 1b and 2-chloro-6-methylphenyl isocyanide was
completed in only 4 h, which suggested that the chloro
group facilitated the addition reaction of acetone. Importantly,
the one-pot reaction can be extended to other methyl ketones
such as 2-pentanone and hex-5-en-2-one (4y, 4z). To explore
the practical utility of this one-pot transformation in organic
synthesis, a gram-scale reaction of amide 1b (1.13 g, 5.0 mmol)
with isocyanide 2a (0.72 g, 5.5 mmol) and acetone (0.87 g, 15
mmol) was conducted under the standard conditions, which
produced (S)-3-iminoindoline 4b (1.28 g) in 64% yield with
98% ee. On the basis of DFT calculations on the key chirality-
generating C−C bond formation step of the reaction between
acetone and 3-iminoindole 3b, a rationale for the origin of the
observed excellent re-face (imine) enantioselectivity could be
found in the Newman projections across the forming C1−C2
bond of TS-AS (the favored re-face addition transition state,
preferred a staggered conformation) and TS-AR (the favored
si-face addition transition state, preferred a partially eclipsed
conformation, in energy higher than the former by 4.37 kcal/
mol) (Figure 2, for more details, see the SI).
In summary, we have achieved for the first time the
enantioselective, direct reductive bis-functionalization of
achiral secondary amides. In this one-pot reaction, three C−
C bonds, one ring, and one stereogenic nitrogen-containing
tetrasubstituted carbon were created with excellent enantiose-
lectivity. The reaction conditions are quite mild, and the
reaction can run on a gram scale. Of particular significance is
that this metal-free reaction tolerates variation of all three
coupling partners and therefore should find application in the
synthesis of various chiral 2,2-disubstituted indoline derivatives
from readily available amides. The origins of the enantiose-
lectivity were well rationalized based on DFT calculations.
Further synthetic applications of this reaction are ongoing in
our group.
■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.or-
glett.9b02862.
Reaction optimization, experimental details, character-
ization data for all products (3a−3w, 4a−4z, and 5),
NMR and HPLC spectra of all new products, and
computational details (PDF)
Accession Codes
CCDC 1872459−1872461 contain the supplementary crys-
tallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.
■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: zjf485@xmu.edu.cn.
*E-mail: yejl@xmu.edu.cn.
*E-mail: pqhuang@xmu.edu.cn.
Figure 2. Newman projections of the transition states TS-AS and TS-
AR. The relative free energies are reported in kcal/mol. The
corresponding dihedral angles are given.
Organic Letters Letter
DOI: 10.1021/acs.orglett.9b02862
Org. Lett. 2019, 21, 7587−7591
7590
ORCID
Jian-Feng Zheng: 0000-0001-6871-2969
Jian-Liang Ye: 0000-0003-1488-7311
Pei-Qiang Huang: 0000-0003-3230-0457
Notes
The authors declare no competing financial interest.
■ ACKNOWLEDGMENTS
We are grateful for financial support from the National Natural
Science Foundation of China (Grant Nos. 21672177 and
21931010), the National Key R&D Program of China (Grant
No. 2017YFA0207302), the Natural Science Foundation of
Fujian Province of China (Grant Nos. 2016J01074 and
2017J01021), NFFTBS (Grant No. J1310024), and the
PCSIRT of the Ministry of Education, China.
■ REFERENCES
(1) Blakemore, D. C.; Castro, L.; Churcher, I.; Rees, D. C.; Thomas,
A. W.; Wilson, D. M.; Wood, A. Nat. Chem. 2018, 10, 383−394.
(2) For recent reviews, see: (a) Pattabiraman, V. R.; Bode, J. W.
Nature 2011, 480, 471−479. (b) de Figueiredo, R. M.; Suppo, J.-S.;
Campagne, J.-M. Chem. Rev. 2016, 116, 12029−12122. For a recent
example, see: (c) Papadopoulos, G. N.; Kokotos, C. G. J. Org. Chem.
2016, 81, 7023−7028.
(3) For recent reviews, see: (a) Dander, J. E.; Garg, N. K. ACS Catal.
2017, 7, 1413−1423. (b) Kaiser, D.; Bauer, A.; Lemmerer, M.;
Maulide, N. Chem. Soc. Rev. 2018, 47, 7899−7925. (c) Sato, T.;
Yoritate, M.; Tajima, H.; Chida, N. Org. Biomol. Chem. 2018, 16,
3864−3875. For selected recent examples, see: (d) Shirokane, K.;
Wada, T.; Yoritate, M.; Minamikawa, R.; Takayama, N.; Sato, T.;
Chida, N. Angew. Chem., Int. Ed. 2014, 53, 512−516. (e) Mewald, M.;
Medley, J. W.; Movassaghi, M. Angew. Chem., Int. Ed. 2014, 53,
11634−11639. (f) Shi, H.; Michaelides, I. N.; Darses, B.; Jakubec, P.;
Nguyen, Q. N. N.; Paton, R. S.; Dixon, D. J. J. Am. Chem. Soc. 2017,
139, 17755−17758. (g) Yoritate, M.; Takahashi, Y.; Tajima, H.;
Ogihara, C.; Yokoyama, T.; Soda, Y.; Oishi, T.; Sato, T.; Chida, N. J.
Am. Chem. Soc. 2017, 139, 18386−18391. See also: (h) Dander, J. E.;
Baker, E. L.; Garg, N. K. Chem. Sci. 2017, 8, 6433−6438.
(4) (a) Phipps, R. J.; Gaunt, M. J. Science 2009, 323, 1593−1597.
(b) Zeng, R.; Fu, C.; Ma, S. J. Am. Chem. Soc. 2012, 134, 9597−9600.
(c) Zhu, R.-Y.; Farmer, M. E.; Chen, Y.-Q.; Yu, J.-Q. Angew. Chem.,
Int. Ed. 2016, 55, 10578−10599.
(5) For reviews, see: (a) Seebach, D. Angew. Chem., Int. Ed. 2011,
50, 96−101. (b) Pace, V.; Holzer, W. Aust. J. Chem. 2013, 66, 507−
510. (c) Pace, V.; Holzer, W.; Olofsson, B. Adv. Synth. Catal. 2014,
356, 3697−3736. (d) Sato, T.; Chida, N. Org. Biomol. Chem. 2014,
12, 3147−3150. (e) Ruider, S. A.; Maulide, N. Angew. Chem., Int. Ed.
2015, 54, 13856−13858. (f) Kaiser, D.; Maulide, N. J. Org. Chem.
2016, 81, 4421−4428. (g) Huang, P.-Q. Huaxue Xuebao 2018, 76,
357−365. For selected recent examples, see: (h) Boit, T. B.; Weires,
N. A.; Kim, J.; Garg, N. K. ACS Catal. 2018, 8, 1003−1008. (i) Liu,
X.; Hsiao, C.-C.; Guo, L.; Rueping, M. Org. Lett. 2018, 20, 2976−
2979.
(6) (a) Xiao, K.-J.; Luo, J.-M.; Ye, K.-Y.; Wang, Y.; Huang, P.-Q.
Angew. Chem., Int. Ed. 2010, 49, 3037−3040. For selected
applications of this method, see: (b) Gueŕot, C.; Tchitchanov, B.
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